Two key physiological parameters of plant leaves, photosynthesis and transpiration, can be continuously monitored by, respectively, chlorophyll a fluorescence imaging and thermography. These non-contact techniques immediately visualize any local stress or treatment affecting either photosynthetic efficiency or water status. Photosystem II-inhibiting herbicides, including the phenylurea derivatives diuron and linuron, cause a marked increase in chlorophyll a fluorescence several days before appearance of chlorosis. Here, bioprotection through microbial degradation of linuron in the feeding solution of common bean plants (Phaseolus vulgaris L.) was monitored by the absence of an increase in chlorophyll a fluorescence in primary leaves. The different treatments and repeats were imaged sequentially at 2 h intervals using a robotized system with thermal, fluorescence and video cameras. Chlorophyll fluorescence imaging visualized the effect of linuron transported by the transpiration stream earlier than thermography. In addition, local effects and transport after topical application of diuron were recorded presymptomatically in tobacco (Nicotiana tabacum L.) and Arabidopsis thaliana (L.) Heynh. Thermal imaging clearly monitored localized stomatal closure, coinciding with the first increase in chlorophyll fluorescence, at the sites of diuron treatment. In conclusion, the robotized chlorophyll a fluorescence set-up permits fully reliable, early high-contrast visualization for bioremediation purposes.
Introduction
Imaging techniques are well established as tools to visualize heterogeneity in plant physiological parameters at the level of single leaves (Chaerle and Van Der Straeten 2000) . Such spatial and temporal variation in transpiration and photosynthetic efficiency are readily visualized by non-contact methodologies such as thermal imaging and chlorophyll a fluorescence imaging. A local decrease in transpiration results in a higher leaf surface temperature, which can be quantified on thermal images. Thermography has been used to visualize transpirational changes in common bean leaves (Jones 1999) . In addition, local changes in transpiration were monitored after tobacco mosaic virus infection (Chaerle et al. 1999) or during spontaneous cell death . Photosynthetic reactions use light energy absorbed by chlorophyll. Absorbed light energy not used for photosynthesis is dissipated partly as chlorophyll a fluorescence (Krause and Weis 1991) , but mainly as heat (Demmig-Adams and Adams 1996) . Then, a reduction of photosynthetic capacity upon emerging stress usually implies an increase in light and/or heat emission (Buschmann 1999) .
Chlorophyll a fluorescence emission can be measured with portable, non-imaging fluorometers (Maxwell and Johnson 2000, Strasser et al. 2000) . Such repetitive fluorescence point measurements are commonly used in plant stress physiology studies (Lichtenthaler 1988 , Vidal et al. 1995 . In contrast, fluorescence imaging set-ups provide an immediate overview of the fluorescence emission patterns from whole leaves or plants. Chlorophyll a fluorescence imaging has been applied to visualize the effects of diverse biotic and abiotic stresses at early stages (Lichtenthaler and Miehe´1997, Buschmann and Lichtenthaler 1998 , Ciscato and Valcke 1998 .
Phenylurea herbicides such as linuron, diuron, isoproturon and others are widely used for pre-and postemergence control of annual grasses and broad-leaved weeds (Tomlin 1997) . These compounds block photosynthetic electron flow between the primary (QA) and secondary (QB) plastoquinone acceptor of photosystem 2 (PSII), by competitive displacement of plastoquinone from the QB-site on the PSII D1 protein (Trebst 1987, Fuerst and Norman 1991) . Under the low intensity actinic light conditions used in this study, the electron acceptor Qa remains mainly oxidized, resulting in a low fluorescence yield. The (local) presence of DCMU results in the accumulation of reduced Qa, provoking a high fluorescence yield at the affected areas. Photosynthesis being blocked, the absorbed light energy can only be dissipated as fluorescence and as heat.
The strong increase in chlorophyll a fluorescence after treatment with the phenylurea herbicide diuron was imaged with different set-ups on a variety of plant species (Daley et al. 1989 , Lootens and Vandecasteele 2000 . In addition to their effect on photosynthesis, methylurea herbicides were reported to inhibit stomatal opening in epidermal strips, presumably by causing a lack of ATP (Dahse et al. 1990 ). Stomatal closure results in lower transpiration and thus higher leaf surface temperature, which is readily visualized by thermography. In addition, the part of the absorbed light energy that is dissipated as heat might also increase upon methylurea herbicide treatment. However, a rise in leaf surface temperature due to heat accumulation is highly improbable from a thermodynamical viewpoint, given the high surface-to-volume ratio of leaves and the ensuing rapid heat dissipation (Breidenbach et al. 1997) .
In crops or areas where phenylurea herbicides are sprayed generously, they may have a deleterious effect on the adjacent ecosystems. The negative influence of these compounds is dependent on their half-life in soil, which ranges from 90 to 180 days and 38-67 days for diuron and linuron, respectively (Tomlin 1997) . Despite their common tendency to adsorb to soil organic matter, the microbial degradation of these pesticides is considered to be the primary mechanism for their dissipation from soil.
Bioremediation strategies focus on increasing the bioremoval capacities of contaminated soils (Anderson et al. 1993 , Alexander 1994 , Dejonghe et al. 2001 . Micromolar linuron concentrations (0.4-8 mM) are known to occur in field conditions and are often near the detection limit of conventional analysis methods (HPLC, GC). When selecting a suitable inoculum for the degradation of toxicants the effect of low substrate concentrations on the survival of the inoculum should first be assessed (Pahm and Alexander 1993) . We previously showed that a bacterial consortium was able to degrade micromolar concentrations of linuron (Hulsen et al. 2002) . To monitor linuron degradation, we used a bean plant-microbial bioassay combined with pulse amplitude modulation (PAM) non-imaging fluorometry. The potential of chlorophyll fluorescence imaging to visualize the bioprotective effect was illustrated by single timepoint measurements of detached leaves.
To ascertain that bacterial pesticide degradation is effective in preventing deleterious effects on the photosynthetic system during the whole time-course of plant development, chlorophyll a fluorescence imaging needs to be carried out at regular intervals, in parallel on the same set of control, pesticide-treated and pesticide 1 bacteria-treated plants. In contrast with previous single time-point measurements on detached leaves (Hulsen et al. 2002) , leaves of intact treated and control bean plants were monitored under growing conditions at 2 h intervals during 1 week. To realize the visualization of such a batch of plants, a previously described robotized imaging system, integrated into a growth chamber, was used (Chaerle et al. 1999) . Robotized time-lapse imaging of all leaves on a batch of plants enables direct and reliable comparisons between treatments and repeats.
Stomatal closure upon local methylurea herbicide treatment is the more likely cause for an increase in leaf surface temperature. Furthermore, methylurea herbicides transported to the leaf by the transpiration stream could also affect the pattern of leaf temperature in a dynamic way. This was the incentive to perform thermal measurements in parallel with chlorophyll a fluorescence imaging after phenylurea herbicide treatment.
Materials and methods

Plant material and growth conditions
Common bean (Phaseolus vulgaris L. cv. Prelude) was grown according to the protocol of the bioremediation assay, under the conditions of the imaging set-up (see below). Tobacco plants (Nicotiana tabacum L. cv. petit Havana line SR1) were grown on potting soil at 21 6 1 C and at 60 6 10% relative humidity, under fluorescent tubes (Philips TLD 33; Koninklijke Philips Electronics N.V., Eindhoven, the Netherlands) delivering a PPFD of 50 6 10 mmol m À2 s
À1
. The photoperiod was 16 h light/8 h darkness. Tobacco plants used for the diuron assay were 10 weeks old. Arabidopsis plants (Arabidopsis thaliana (L.) Heynh. Col-0 ecotype) were grown in potting soil at a light intensity of 200 mmol m À2 s À1 PPFD, under a photoperiod of 16 h light/8 h dark. Diuron was topically applied on 40-day-old-plants.
Treatments
Diuron (3-[3,4-dichlorophenyl]-1,1-dimethylurea; abbrev. DCMU; 2 mM solution in 30% ethanol) was applied as 50 ml droplets on the tobacco or Arabidopsis leaf surface. In the case of tobacco, the diuron solution was rinsed off after 1 h to prevent precipitation, and the leaf was subsequently blotted dry. In Arabidopsis, the diuron solution droplet was taken up/evaporated within 20 min without leaving a precipitate.
Linuron (3-[3,4-dichlorophenyl]-1-methoxy-1-methylurea) was purchased as a commercial suspension formulation (500 g ml À1 ) named Linurex (Protex N.V., Wijnegem, Belgium) which was diluted and sterilized by filtration (0.25 mm pore-size filters) prior to addition to the medium as an aqueous solution (50 mg l À1 ).
Bioremediation bioassay
A similar plant-microbial system to that previously described (Hulsen et al. 2002) was used for the biodegradation experiment. Common bean was planted in the uppermost pot containing sterile hydrophilic vermiculite as a substrate. A 10 mm top layer of sterile hydrophobic perlite prevented any airborne microbial/pathogen contamination of the plant substrate and the lower jar. The lower jar contained 650 ml of sterile Hoagland's plant nutrient solution, linuron (1 mg l
À1
) and/or the bacterial inoculum, according to the treatment. A paper wick through the bottom of the upper pot ensured the absorption of the solution by the plant roots. The linurondegrading strain Variovorax paradoxus WDL1, isolated from a linuron-degrading bacterial consortium (W. Dejonghe, unpublished) was maintained on a minimal medium supplemented with 25 mg l À1 linuron as sole carbon and nitrogen source. The inoculum was prepared after subculturing 10% (v/v) of the initial culture to new flasks, which were incubated for 4 days at 140 r.p.m and 28 C. After 4 days the bacterial suspension was centrifuged at 3000 g for 20 min. The supernatant was discarded and the cell pellet was re-suspended in sterile water to give a final cell density of approximately 10 7 À10 8 colony-forming units ml À1 . Next, 3% (v/v) inoculum was added to the lower jar together with the linuron and the nutrient solution. Four days later the bean plants were seeded in the vermiculite. This period was necessary to give the degrading bacteria the opportunity to metabolize the linuron since previous experiments indicated an instant uptake of the linuron by the seedlings (data not shown).
Imaging set-up
After seeding of beans, eight pots representing four treatments (control, 1 mg l À1 linuron, 1 mg l À1 linuron 1 V. paradoxus WDL1 and control 1 V. paradoxus WDL1) were placed in a custom-built plant growth chamber with builtin robotized (XYZ positioning) imaging capability (Chaerle et al. 1999) . A mobile chlorophyll a fluorescence imaging system (FIS) was integrated into the automated imaging system, already equipped with a thermal (FLIR-Agema THV-900 LW (FLIR Systems, Portland, OR, USA) -Stirling cooled)-and a colour CCD video camera (Watec LCL-217HS, Watec America Corporation, Las Vegas, NV, USA). The thermal camera captures images of infrared light emission in the 8-12 mm part of the spectrum; the video camera is used to capture colour reflectance images. The FIS consists of an illumination head with small halogen lamps fitted with cut-off low-pass blue filters and a centrally mounted miniature BandW CCD camera equipped with a cut-off high-pass red (B 1 W 092) filter, avoiding capture of reflected excitation light (M. Ciscato 2000. Thesis, Limburgs Universitair Centrum, Diepenbeek, Belgium).
At the start of an experiment, selected positions for thermal image capture were memorized into the robot controller (teach-in procedure). Subsequently, the system acquired sequentially the three types of images at the entered positions. Fluorescence and reflectance imagecapture co-ordinates were generated automatically based on fixed offsets between the side-by-side mounted cameras. Images were captured at intervals of 2 h. The sequence of imaging positions was chosen as to minimize the influence of the additional excitation light on neighbouring plants. The two primary leaves of each bean plant were imaged separately, 5 min apart. Temperature measurements on the presented thermal images were carried out with the FLIR systems Research software.
Primary bean leaves were imaged 10 days after planting. From this time-point on, the height of the primary leaves is constant. The trifoliate leaves emerge about 5 days later. Differences in height between the primary leaves of different plants were compensated by adjusting the Z-axis positioning during teach-in. Increases in leaf size are due to the leaf expansion during growth. Earlier imaging of the emerging primary leaves would need continuous adjustment of the imaging distance to keep focus.
To permit a time-lapse capture of images under constant conditions bean plants were grown under continuous light (60 mmol m À2 s À1 PPFD) from fluorescent tubes (Radium 21-840 Spectralux Plus, Radium Lampenwerk, Wipperfu¨rth, Germany). In addition, continuous light minimizes the nyctinastic leaf movements. Fluorescence images were captured after 1 s of supplemental illumination with 250 mmol m À2 s À1 excitation light from the FIS, without predarkening.
Due to the remaining leaf movement (nyctinastic and leafexpansion linked), fluorescence intensity and light reflection still varied over time. However, this did not hamper the continuous visualization of the characteristic high-contrast chlorophyll a fluorescence pattern caused by linuron uptake. If necessary the leaf movements could be further attenuated by supporting the leaf with fine nylon mesh.
Laboratory chlorophyll a fluorescence kinetics on dark-adapted Arabidopsis plants have been performed with the Fluorcam M690 (PSI Instruments, Brno, Czech Republic), by illuminating the entire rosette target with continuous actinic orange light provided with 635 nm light-emitting diode panels that generate a uniform irradiance of 300 mmol photons m À2 s
À1
. Images were captured on selected time points, 50 s after the start of actinic illumination. Physiol. Plant. 118, 2003 Results
Determination of the efficiency of microbial linuron degradation by multispectral imaging in common bean
From 10 days after planting, chlorophyll a fluorescence, thermal and colour reflectance image sequences were recorded from primary bean leaves over a period of 2 days at 2 h intervals. Figure 1A shows symptomless chlorophyll a fluorescence and colour reflectance images of a primary bean leaf, 4 h before the appearance of an increase in chlorophyll a fluorescence at the leaf base. Ten hours later (Fig. 1B) , an increase in chlorophyll a fluorescence emission was visible along the main and side veins of the leaf from the plant grown on the linuroncontaining solution. The increase was visualized as higher intensities (tending to white). In the last panel, 16 h after its first visualization, the increase in chlorophyll a fluorescence has spread further towards the apex of the leaf. In all three panels, chlorophyll a fluorescence images from control and linuron 1 V. paradoxus WDL1 treatment do not show any increase in chlorophyll a fluorescence emission. The imaging distance to the leaves was constant; the increase in leaf size is due to leaf expansion during the 2 day spanning animation.
Visual symptoms of linuron treatment were apparent as yellowing, 5 days after the visualization of the increase in chlorophyll a fluorescence ( Fig. 2A) . Leaf size was also reduced in comparison with control and the linuron 1 V. paradoxus WDL1 treatment. At 10 days after the first increase (Fig. 2B) , the linuron-treated leaf showed extensive necrosis and had lost turgor. The plant grown on a solution containing linuron and linuron-degrading V. paradoxus WDL1 bacteria appeared similar to the control plant. At later time points, the pattern of chlorophyll a fluorescence emission was also comparable to the emission of the control (untreated) plant leaf (data not shown). The phenotype of plants fed with a solution containing V. paradoxus WDL1 only, was comparable with that of the control plants during the whole time course of the experiment, proving the absence of adverse bacterial effects on the plants (data not shown).
In the thermal images of bean leaves before the appearance of any effect in the chlorophyll a fluorescence images, the venation pattern was already characterized by a higher temperature (Fig. 3A) . The same thermal pattern was seen at the first time-point in control leaves (data not shown). At the last time point when an increase in chlorophyll a fluorescence was apparent in a wide zone surrounding the venation pattern, thermal images had a more pronounced venation pattern (Fig. 3C ) when compared with Fig. 3A and B, due to the effect of the herbicide on the tissue adjacent to the veins.
The described difference in chlorophyll a fluorescence emission can also be observed under low-intensity growth chamber light conditions (continuous PPFD of 60 mmol photons m À2 s À1 ), without using the additional excitation light on the FIS (data not shown).
Effects of topical leaf application of diuron in tobacco and Arabidopsis
Immediately after topical application of diuron droplets on the adaxial side of a tobacco leaf, a local increase in leaf surface temperature at the site of treatment was visualized with thermography ( Fig. 4A, left column) . Chlorophyll a fluorescence images show a clear increase in intensity at the treatment sites (Fig. 4A , middle column). The effect of diuron applied on the main vein can be discerned by thermography, although contrast is lower in comparison with the fluorescence images. Fine details of transport along veins present in the fluorescence images are not detected with thermal imaging, which reveals a more diffuse signal. Ninety minutes later (Fig. 4B) , diuron was further transported acropetally along the minor veins, as can be seen on the chlorophyll a fluorescence images. Major sites of transport along minor veins are hardly visible in the thermal images. The temperature difference between untreated leaf tissue and the diuron-treated regions has increased.
In Arabidopsis, diuron was applied to the adaxial side of a single fully expanded rosette leaf. Fluorescence imaging visualized the transport throughout the rosette. Increased chlorophyll a fluorescence emission was first apparent in the youngest upper leaves (Fig. 5B) and thereafter appeared gradually in all petioles and part of the leaf blades ( Fig. 5C-E) .
Additional information on the performed experiments can be accessed at http://allserv.rug.ac.be/$lchaerle/ C. On the thermal scale, white and black correspond, respectively, to temperatures above and below the 1.5 C window. (A), The linuron-treated leaf from Figs 1 and 2 at the first appearance of the increase in chlorophyll a fluorescence -4 h later than the time point in Fig. 1A ; panels (B) and (C) show the evolution of the effect, respectively, 12 and 38 h after first symptom appearance. Scale bar ¼ 10 mm (A). Ten days after exposure of the plants, the first signs of linuron phytotoxicity appeared in the chlorophyll fluorescence images of the uninoculated treatment. The spreading of the chlorophyll fluorescence emission along the veins and further to the leaf apex and to the intervenal areas is consistent with observations made upon feeding of Xanthium strumarium petioles with diuron (Daley et al. 1989) . The damage pattern obtained in the fluorescence images of the linuron only treatment is closely linked with the mode of action of the herbicide and the movement of the transpiration front through the lamina. The absence of these patterns in the inoculated treatment is indicative of the degradative capacities of a culture of V. paradoxus WDL1, growing under microbially controlled conditions, when 1 mg l À1 of linuron is fed to the Phaseolus plants. Up to the time when visual symptoms appeared and during the ensuing necrosis in the bean plant treated solely with linuron, no increase in fluorescence was observed from the leaves of plants growing on a solution containing linuron and bacteria. Thus, time-lapse monitoring of chlorophyll a fluorescence emission from differently treated primary bean leaves clearly proved the efficiency of the bacterial herbicide degradation in the feeding solution.
Until now, very few investigations have reported on pure bacterial isolates able to degrade linuron (Wallno¨fer 1969 , Cullington and Walker 1999 , Turnbull et al. 2001 . In contrast to the latter investigations, the main contribution of this plant-microbial bioassay is to highlight and to anticipate a major shortcoming, very often overlooked by conventional degradation studies: how do low (micromolar) and environmentally relevant substrate concentrations (resulting from field application) affect the degradative capacities of any microbial inoculum possibly applicable for bioremediation purposes?
The bioprotective effect obtained with V. paradoxus WDL1 was in agreement with the degradation of higher concentrations (50 mg l À1 ) of linuron (W. Dejonghe, personal communication), with previous results obtained with a very sensitive (nanomolar concentrationsbeyond the HPLC detection limit) chlorophyll fluorescence-based Lemna minor bioassay and with PAMmeasurements and single-time point fluorescence imaging using the bean bioassay (Hulsen and Ho¨fte 2001) .
Comparison of thermal and chlorophyll a fluorescence imaging
Although the venation pattern of bean leaves appears more pronounced in Fig. 3B and C, it is clear that thermal imaging is not optimally suited to follow the evolution of the response to linuron uptake in common bean, and probably also in leaves from other species. In a thermal image, the leaf venation pattern has a higher temperature than the rest of the leaf lamina. This is due to the absence of stomata on leaf epidermis covering veins, as observed in common bean (personal observation), and is a general characteristic of higher plants (Weyers and Meidner 1990) . The lower transpirational cooling at the veins leads to a higher leaf surface temperature. If a compound, transported into the leaf via the veins, inhibits transpiration, an increase in temperature of the tissue adjacent to the veins is to be expected. However, this affected zone will poorly contrast with the venation pattern, thus hampering a clear early detection by infrared thermography. In addition, the resolution of thermal imaging is inherently lower due to lateral thermal conduction in the leaf tissue. In contrast to thermographic images, chlorophyll a fluorescence images are characterized by a dark leaf venation pattern on a brighter leaf lamina. This is a consequence of the lower chlorophyll contents in the veins. When photosynthesis is inhibited in the zone directly adjacent to the veins, chlorophyll fluorescence intensity will increase and thus contrast well both with the veins and the surrounding unaffected tissue. Thus, high-contrast chlorophyll a fluorescence imaging is the method of choice for early visualization of methylurea herbicide-induced effects.
Perspectives for presymptomatic monitoring of stress induced by the environment
Imaging-aided monitoring of the accumulation of compounds interfering with the metabolic processes of bioindicators offers an alternative to visual assessment and conventional analytical methods for evaluation of bioremediation strategies. Because the described robotized chlorophyll fluorescence system has been demonstrated to be a very sensitive tool to detect the earliest symptoms of residual herbicide damage, it is also very suitable to prove remediation (i.e. breakdown and eventually absence) of these compounds.
Robotized time-lapse fluorescence imaging of a batch of plants makes direct comparisons between treatments possible. This enabled us to evaluate the effectiveness of linuron degradation by a bacterial inoculum when applied in a plant-microbial bioassay. From a practical viewpoint, this labour-saving methodology allows a considerable extension of the experimental set-up (increased number of replicates) thereby permitting simultaneous and high-contrast comparison of different treatments. Arabidopsis plants could be used in a similar bioremediation set-up as used by bean, allowing considerable space saving. The robotization of this process has a clear potential for screening purposes.
The ability to monitor plants from the emergence of a presymptomatic effect until the appearance of visual symptoms permits correlation of the early stress indications with the final damage . A 'multispectral' set-up combining different sensors is very convenient to select the most effective imaging method to reveal early manifestation of a stress condition. The combination of imaging procedures with bioindicators has the potential to assess the quality of the growth medium and irrigation solution. In laboratory conditions, when including proper controls and keeping all other factors constant, soil-or irrigation-borne deleterious effects on crop performance can be highlighted. Thus, monitoring of plant health status using a multispectral imaging system offers a wide range of applications in the field of bioremediation.
